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Non-traditional photoreceptors detect overall
irradiance in the vertebrate retina. Such cells in the
mouse inner retina show increased intracellular Ca2+
levels following illumination. Neurons in the outer
retina of fish also display characteristics appropriate
for an irradiance detector.
Annoyingly, I wake up at the same time every morning
no matter what time I went to bed. This, and many
other daily routines, is initiated by cells within my
suprachiasmatic nucleus (SCN). Such ‘clocks’ underlie
many aspects of an animal’s physiology and behav-
iour, and while it might not be a matter of life and death
when I awake, for many animals, being prepared for
regularly predictable events is vital for survival. The
eyes of fish, for example, take about 20 minutes to
change from night-time mode to daylight vision. An
animal whose eyes are prepared for the coming of
dawn will be able to avoid a predator and catch its
prey when the sun rises more efficiently than one who
simply reacts to the light. Internal clocks give animals
such a huge selective advantage that it is no surprise
they are found throughout the animal kingdom and
regulate a myriad responses.
Many biological clocks have a period of around 24
hours aligned to the daily light–dark cycle. No clock is
perfect, however, and in time a biological clock will, if
not reset, begin to run out of synchrony with the
Earth’s rotation. Light therefore acts as a signal to
ensure the clock remains perfectly attuned to the 24
hour period. What photoreceptors are responsible for
such ‘photoentrainment’? Two papers [1,2] published
recently in Current Biology make significant contribu-
tions to our understanding of the nature of these cir-
cadian photoreceptors.
Many animals have a variety of such photoreceptors
both within the eye and the brain. Although a widely
publicised study erroneously [3] suggested that
illumination behind the knee might entrain the human
circadian clock, mammals appear to rely solely on
ocular photoreceptors to supply information about
environmental lighting. Benjamin Franklin wrote “In
this world nothing is certain but death and taxes”. A
visual scientist might have added “and that rods and
cones are the only retinal photoreceptors”. This view
is changing: an avalanche of data generated during
the last five years has shown this fundamental tenet of
biology to be false. In retrospect, however, the
discovery of non-rod, non-cone retinal photoreceptors
is not surprising.
The eye obviously provides a detailed three-
dimensional representation of the environment. But it
also measures the overall level of irradiance, in order to
adjust the bodies endogenous physiological rhythms
to the light–dark cycle and regulate the size of the
pupil, and this may be a more fundamental function of
the eye than ‘image forming vision’. There is no reason
to suppose that such ‘non-image forming vision’ uses
the same photoreceptors as other visual tasks. In fact,
these two forms of vision might require receptors with
quite different properties. Traditional photoreceptors,
for example, are optimised to respond to change,
adapting rapidly to prolonged illumination, while irradi-
ance detectors might be better served by longer inte-
gration times. Similarly, while cones have small
receptive fields to optimise acuity, a receptor that mea-
sures overall light levels should have a larger dendritic
spread. It would be logical to have a separate system
for detecting irradiance, that does not compromise the
high spatial and temporal resolution of the traditional
image-forming visual pathway.
Nonetheless, it came as a surprise to most people
that ‘blind’ transgenic mice without functional rods or
cones exhibit near normal photoentrainment of
locomotor rhythms [4], suppression of nocturnal
pineal melatonin secretion by light [5] and pupil light
responses [6]. The suggestion was not that rods and
cones do not have a role to play in these behaviours,
but that there is an additional ocular photoreceptor
capable of initiating tasks requiring overall irradiance
detection. The shape of the action spectrum of the
pupil light response in rodless, coneless animals
indicated that the photopigment within such receptors
was, like the traditional visual pigments, rhodopsin-
like, based on a protein (opsin) linked to a vitamin A1-
derived chromophore (retinal) [6].
The most likely candidate to emerge as the
circadian retinal photopigment is melanopsin, which
was first described in the dermal melanophores of
Xenopus laevis [7] and is present in a subset of retinal
ganglion cells that form a net across the inner retina of
mice [7,8]. These cells, unlike most retinal ganglion
cells, project not to the main visual areas that sub-
serve conventional vision, but to those brain centres
generating circadian rhythms and the pupil light
response [9]. They are also inherently photosensitive,
responding to light even when deprived of all input
from rods and cones [10].
Sekaran et al. [1] have taken the study of these
photosensitive retinal ganglion cells one step further,
using a technique that allows the visualisation of
intracellular calcium levels by fluorescence (Figure 1).
This is a natural evolution of previous physiological
work [10,11], as it allows the simultaneous study of
hundreds of cells. The use of transgenic mice lacking
functional rods and cones avoids the use of extensive
pharmacological or surgical manipulation to isolate
photosensitive retinal ganglion cells. Light causes an
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increase of intracellular Ca2+ in around 2.7% of cells in
the retinal ganglion cell layer, indicating that, as in
invertebrate phototransduction, an increase in intra-
cellular Ca2+ plays a role in the response of these cells
to light. The percentage of inner retinal photosensitive
cells seen is almost twice that reported previously,
probably because earlier studies concentrated on
cells projecting only to the SCN, while the current
work highlights the entire network. Morphologically
and physiologically, these cells form an extensive, gap
junction-linked, syncytium in the inner retina. Intrigu-
ingly, there are three types of Ca2+ influx, suggestive
of distinct functional classes of light sensitive cell in
the inner retina. Whether these project to separate
areas of the brain or are involved in different forms of
non-imaging forming vision is unclear.
While melanopsin undoubtedly has a major role to
play in a mammalian retinal irradiance detecting
system, precisely what it does is uncertain. It might
itself not be the photopigment, but rather a necessary
protein for that pigment to function. Like some other
opsins, melanopsin may, for example, function as a
photoisomerase needed for visual pigment regenera-
tion [12]. There is evidence that other pigments, such
as the flavin-based cryptochromes, are also involved
in vertebrate irradiance detection [13]. But although
circadian behaviours and pupil light responses of mice
lacking the melanopsin system are only reduced and
not eliminated [12,14,15], in triple-knockout mice
which lack functional rod, cone and melanopsin
systems, these responses are virtually abolished [16],
making the involvement of an additional pigment
unlikely. 
In addition to melanopsin, a variety of other novel
retinal opsins have been identified. One of these, VA
opsin, found in fish, actually provided the first
evidence that retinal photosensitivity might not be
confined to rods and cones [17]. While the mammalian
retinal melanopsin-based system is fairly well charac-
terised, little is known about photosensitivity involving
other novel opsins. Jenkins et al. [2] describe a popu-
lation of teleost melanopsin and VA opsin containing
retinal horizontal cells, which display a novel delayed
depolarising response to the cessation of the light
stimulus. This response is characterised by long inte-
gration times, persists when the conventional pho-
toreceptor inputs are saturated by light, and has a
spectral sensitivity suggestive of visual pigment dis-
tinct from rods and cones. While there is no direct
proof that these cells are intrinsically photosensitive,
the data suggest they form the basis of a system of
non-rod non-cone irradiance detection similar to the
melanopsin-based network described for inner retinal
neurons in rodents.
The spectral characteristics of all non-rod non-cone
mediated visual responses are remarkably similar. The
action spectra for the pupil light response [6] and
phase shifting of activity rhythms [16] in rodless cone-
less mice and the intrinsic retinal ganglion cell
photosensitivity of rats [10] are all virtually identical —
their action spectra all have maxima at around 480 nm
— which suggests that the same rhodopsin-like
photoreceptor can trigger all ‘non-visual’ responses to
light in rodents. That this conservatism persists
throughout vertebrates is suggested by the new study
of photosensitive fish horizontal cells [2], whose novel
response to light is also dependant on a rhodopsin
with an absorption maximum of 477 nm. 
While several of my colleagues grudgingly accept
the existence of this novel photosensitive pathway in
rodents, they seem unwilling to do so for primates.
But the action spectra of both light-induced melatonin
suppression [18,19] and diurnal alterations in retinal
electrophysiology [20] in man suggest that they too
are mediated by a non-rod non-cone photoreceptor,
whose spectral sensitivity is virtually identical to that
observed in rodents and fish. Furthermore, several
speakers at the recent ARVO meeting reported that
the primate retina also has melanopsin-containing
retinal ganglion cells with morphology and electro-
physiological responses suggesting they too serve as
photoreceptors for pathways underlying circadian and
pupillary responses. How these novel retinal photo-
receptors interact with the traditional neural pathways
driven by rods and cones, is perhaps the next big
question to answer.
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